Mechanical work in cells is performed by specialized motor proteins that operate in a continuous mechanochemical cycle. Less complex, but still efficient, 'one-shot' motors evolved based on the assembly and disassembly of polymers. We review the mechanisms of pushing and pulling by actin and microtubule filaments and the organizational principles of actin networks. We show how these polymer force generators are used for the propulsion of intracellular pathogens, protrusion of lamellipodia and mitotic movements. We discuss several examples of cellular forces generated by the assembly and disassembly of polymer gels.
to the equilibrium thermodynamic expression. In the case of actin polymerization, M is usually in the micromolar range, the polymerization rate is k on M~100/sec, and the depolymerization rate is k off~1 /s, and each monomer added to the polymer tip increases its length by δ δ ≈ 2.7 nm. Therefore, without significant load, V p ≈ 0.1-1 µ µm/s. When stalled, a filament generates force of ~5-7 pN, similar to that generated by myosin and kinesin [108, 109] . These estimates work in the limit when the object's diffusion is very fast, which is not always the case. As explained in the text, however, actin filaments are not rigid, and their thermal bending undulations are very fast (~10 4 /s). The analysis in this case is similar, and it turns out that the above expression for the stall force is still valid [23] . The filament length is another important factor. The effective elastic constant of an actin filament of length L tilted at angle θ θ to an obstacle is k ≈ 4λ λk B T/(L 3 sin 2 (θ θ)) [23] , where λ λ is the persistence length, which is in micron range [94] . This formula indicates that if the filament is too short (less than ~70 nm), or the angle θ θ is too acute (less than ~30°), the filament is effectively too stiff for the elastic ratchet to work; that is, thermal fluctuations are insufficient to create a gap large enough for intercalation. On the other hand, if the filament is too long, it becomes too 'soft', and it buckles under a subpiconewton force. For microtubule polymerization, the mathematics is more involved [25, 30] . If all 13 microtubule proto-filaments are considered as independent force generators, 'subsidizing' each other as described in the text, then the theoretically predicted stall force is F stall ≈ 7 pN (for relevant parameters, see [25, 30] ). Polymerization motors are simple and reliable, and in terms of energy consumption they are moderately efficient. Indeed, the efficiency, η η, can be estimated from the ratio of the work performed, Comparing this to the work performed in a step gives a 'control' efficiency of only η η c~1 5%. For a microtubule, the energy of hydrolysis ~26 pN·nm per dimer is used to generate ~7 pN·(8/13) nm of work, so the control efficiency is again ~15%. (GTP hydrolysis eventually allows for the generation of pulling force, but this is a separate efficiency.) When polymerization is fast, η η c drops below 10% far from stall. The ratchet model can be used to estimate the forces generated by the depolymerizing microtubule in the model proposed by Peskin et al. [49] where a bead (or docking motor) diffusively rolls without dissociation on the microtubule and facilitates depolymerization when it is near the tip. In this model, a large force keeps the bead near the microtubule end (but the motor does not come off end) so that dimers disassemble from the tip with rate k off . Each disassembly event allows the motor to rotate a little toward the minus end of the microtubule. However, the resulting step is much smaller than the size of the dimer. The step's size, δ δ, is determined by the thermal energy required for the step against the load force, F L : F L ·δ δ = k B T or δ δ ≈ k B T/F L . Thus V p ≈ k off δ δ = k off k B T/F L . Therefore, the depolymerization velocity decreases inversely proportional to the load force. According to this formula the depolymerization can never reach zero; in reality, a large force would break the bonds between the docking motor and the microtubule end. However, at a load force a few fold greater than k B T/δ, depolymerization would slow down significantly. Thus this depolymerization motor can develop force only in the pN range.
Box 1 The Polymerization Ratchet
So extracting work from an isothermal environment poses no problem for the second law of thermodynamics [12, 22] . According to this model, an object in front of the filament diffuses away from the tip, creating a gap sufficient for monomers to intercalate and assemble onto the tip, thereby inhibiting the object from diffusing backward. Even when a resisting load force is applied to the object, Brownian motion can still create a sufficient gap, and so the object's diffusion is biased forward. This 'ratcheting' of diffusive motion can generate force in the pN range (Box 1). If the polymer is not rigid, its own thermal undulations can create a gap between its tip and the load [23] . If the gap is large enough and persists long enough, a monomer can intercalate into the gap and bind onto the tip of the growing polymer. This increases the fiber's length so that, when the tip contacts the load, the polymer is bent and the resulting elastic force pushes on the load. In general, both filament and load are fluctuating, and the combined effect can be sufficient to allow intercalation of monomers and consequent force generation. This 'elastic ratchet' model is sufficient to explain the forces developed by polymerizing actin and microtubule filaments [23] [24] [25] [26] .
Actin is a 43 kDa globular protein that polymerizes into a linear, two-stranded and right-handed double helix which twists around itself every 37 nm. Each monomer is ~5.4 nm in size, so that assembly of a monomer imparts a 2.7 nm axial rise to the filament. Both strands of the helix have the same polarity, so the two ends of the filament are structurally different: they are termed barbed and pointed ends because of their appearance when decorated with myosin. The barbed end assembles and disassembles monomers at a rate two orders of magnitude faster than the pointed end. In the absence of nucleotide hydrolysis, the critical concentration of monomeric actin -when the rates of polymerization and depolymerization balance -is the same at both ends. At this concentration, the average length and position of a filament do not change [8, 27] .
Actin monomers bind ATP, however, and the filaments they polymerize into become dynamically asymmetric. The structural details accompanying ATP hydrolysis are not known, but it produces an asymmetry at the two filaments ends. As a result of this asymmetry, the effective affinity for new monomers at the barbed end is high and the critical concentration is low, ~0.2 µ µM. At the pointed end, the monomer affinity is low, so that the corresponding critical concentration is higher, ~0.7 µ µM. The consequence of this asymmetry is the non-equilibrium process of 'treadmilling': net depolymerization from the pointed end balanced by net polymerization onto the barbed end without changing its average length. But the center of mass of the polymer remains stationary, as no external force is acting on it. Monomers simply recycle by diffusion, which is biased by preferential binding at the barbed end and unbinding at the pointed end. So treadmilling consumes chemical energy via hydrolysis, but this is a kinematic phenomenon that does not generate any force.
The energy source for production of force is the binding free energy of monomers to the polymer tip. This binding energy is used to rectify the Brownian motion of the load against which the polymer is pushing (Box 1). More precisely, the force is generated by thermal fluctuations of the load, and the binding free energy is used to rectify its thermal displacements. The proximal role of ATP hydrolysis is to control the rate and location of polymerization, not force production. Thus, like many energy conversions in the cell, the polymerization motor 'borrows' energy in various forms and stores it for later use. That actin filaments can push in vitro has been confirmed experimentally [28] . Its relevance to pushing out the front of the cell in vivo is discussed below.
Because F-actin is rather fragile, the force-velocity relation for a single actin fiber is difficult to measure. Microtubules are much sturdier filaments, however, and force generation by this polymer has been measured by observing how a single microtubule buckled when polymerizing against a wall [29] . This experiment demonstrated that a microtubule growing at the plus end develops a force of a few pN and that the net polymerization velocity decreases exponentially as a function of the load force in the fashion predicted by the elastic ratchet model (see Box 1 and [25, 30] ).
Force production by microtubules is more complex than that of actin because microtubules consist of about 13 protofilaments, which do not polymerize independently. Thus, the force generated by the protofilaments is not simply the sum of the individual protofilament forces. The reason is apparent: at any instant, those protofilaments that are too close to the load cannot polymerize very fast because the gaps between their tips and the load are insufficient to allow intercalation of a tubulin dimer. But these protofilaments can 'subsidize' the growth of other protofilaments by supporting a large portion of the load. Analysis of the 'subsidy effect' shows that the force-velocity relation of the growing microtubule is still exponential, in agreement with experiments [25, 29, 30] . More studies are needed to determine how the growth of the protofilaments influences one another, and to determine the effects of elasticity of the microtubule lattice and GTP hydrolysis on polymerization. As measurements near stall are inaccurate, modeling is especially important.
Experiments with microtubules growing inside liposomes confirm that polymerization of microtubules can generate enough force to deform the membrane [31, 32] . The forces developed by microtubule polymerization are capable of driving spindle and chromosome movement during mitosis [33, 34] ; whether they do so in vivo is less clear. For example, in the fission yeast Schizosaccharomyces pombe, oppositely directed microtubules are attached to the nucleus by their minus ends. When their plus ends reach the surface of the cell, the polymers push back on the nucleus. This pushing from the two ends of the cell tends to center the nucleus within the cell [35] . Another example is the polar ejection force exerted by growing microtubules on chromosome arms during prometaphase [36] . This force is not likely to depend on microtubule polymerization alone: plus-enddirected kinesin motors are also involved [37] . Finally, theoretical studies indicate that polymerization forces can be important in separating centrosomes during early prophase [38] .
How Individual Filaments Pull
While polymerizing microtubules can generate a pushing force, depolymerizing microtubules can develop pulling forces, although the mechanism is less obvious. For example, using in vitro assays, Coue et al. [39] observed that the depolymerizing ends of microtubules can pull particles at rates of almost 1 µ µm/sec against estimated viscous drag forces of 10 pN. Subsequently, Lombillo et al. [40] found that plastic beads coated with plus-end-directed microtubule motors remain attached to the plus ends of depolymerizing microtubules and are carried toward the microtubule minus ends as the polymer shortens. This work also showed that kinesins can maintain dynamic attachments to the microtubule end even at ATP concentrations that are too low for force production.
Thus, microtubule depolymerization can generate forces sufficient to pull chromosomes to the pole and so motor proteins may not be needed to generate the pulling force. Rather, the motors may function as passive 'docking' proteins to link the depolymerizing polymer end with the cargo. Such docking proteins should have unusual properties: they cannot detach from the plus end, yet they do not block its depolymerization, and may enhance it. For example, the kinesin motor protein XKCM1/MCAK localizes to kinetochores, where it is thought to induce microtubule disassembly [41] , whereas the motor protein CENP-E is thought to use its plus-end-directed motor activity to anchor kinetochores to the shortening plus ends of microtubules during anaphase [42] . XKCM1/MCAK motors can induce the shortening of kinetochore-topole microtubules during anaphase, and this may work in concert with the plus-end anchoring activity of CENP-E. A plausible hypothesis for how XKCM1/MCAK destabilizes a growing microtubule is that it binds to the bent form of the tubulin near the depolymerizing plus end, imparting an additional stress which weakens the association of the terminal GTP-tubulin dimer and promotes its dissociation [6] .
The nature of the pulling force associated with microtubule depolymerization remains elusive. The earliest model by Hill [43] This barrier increases with deeper microtubule insertion into the sleeve, which slows further movement of a microtubule. If the rate of tubulin loss is equal to the net rate that the microtubule is drawn into the sleeve, the sleeve will follow the tip of the depolymerizing microtubule with constant average speed. An important characteristic of Hill's model is that over a wide range of increasing load force, the speed of depolymerization-coupled movement will remain constant [44] . This behavior arises because the steady state force generated by the sleeve adapts to an opposing load by adjusting the average length of the fiber inside the sleeve so that the speed of the load is equal to the depolymerization rate. When the load force is greater than the gradient of the binding free energy, the microtubule is pulled out of the collar completely. This argument predicts an unusual concave force-velocity relation similar to that measured for RNA polymerase [45] . But as it is difficult to connect the model to actual structures the parameters, and thus the magnitude of the generated force, are hard to estimate.
Another possible mechanism is the 'conformation wave' model proposed by Mitchison [46] (Figure 2A ). Depolymerizing microtubule ends consist of twodimensional sheets that appear frayed and curved, often resembling rams' horns [47] . This probably arises because binding GTP to tubulin monomers induces a conformational change that permits polymerization. When GTP is hydrolyzed and the monomer tries to relax to its stress free state, it cannot because it is trapped in the microtubule lattice. Thus the microtubule is in a state of elastic strain that can only be released as the microtubule depolymerizes, as evidenced by the 'banana peel' curvature of the frayed ends [48] . The elasticity of the protofilaments that curve outward at the disassembling plus end can drive a sliding collar toward the minus end (Figure 2A ). In this case, the force driving the movement of the sleeve is the release of mechanical strain stored in the lattice during microtubule polymerization. The bending of the protofilament sheets induced by GTP hydrolysis is analogous to the power stroke. This model has not been treated quantitatively, but the force it generates can be estimated knowing the strain energy stored in the microtubule lattice from the GTP hydrolysis: ∆ ∆G ~26 pN·nm/dimer [5] . Dividing by the fiber length increment after one act of unbinding gives 26 pN·nm/(8 nm/13) ~45 pN. Thus, this mechanism can generate up to a few tens of pN per microtubule fiber.
Finally, Peskin et al. [49, 50 ] developed a quantitative model in which a bead coated with high-affinity tubulin binding proteins undergoes rotational diffusion along the microtubule polymer lattice ( Figure 2B ). The binding energy gradient prevents the bead from detaching from the plus end of the microtubule, and as it rolls it weakens the bonds between neighboring tubulin dimers and so facilitates depolymerization at the tip. This mechanism is a ratchet: rotational diffusion of the bead is biased by the depolymerizing plus end of the polymer. In Box 1, we estimate that force generated by this mechanism is a few pN, comparable to those generated by kinesin and dynein motors.
As depolymerization forces are likely to play significant roles in driving mitotic movements [51] , how much force is actually required to function in mitosis? The viscous drag coefficient of a chromosome in the cytoplasm is ~10 pN·sec/µ µm, which means that a small force of (10 pN·sec/µ µm) x (0.1 µ µm/sec) ~1 pN would be sufficient to drag the chromosome [52] . But mitotic microtubules seem to generate much greater forces. Using calibrated flexible glass needles, Nicklas [53] measured the force generated on the kinetochore during anaphase. He discovered that chromosome velocity was not affected until the opposing force reached ~100 pN, and then fell rapidly with increasing force. The stall force was ~700 pN, which is several Current Biology R725 
How Actin Propels Intracellular Pathogens
Many intracellular pathogens are propelled by the polymerization of actin filaments. This has attracted attention because these pathogens may serve as simplified model systems for eukaryotic cell motility: a purely protrusive system without adhesion, contraction or the added complexity of the eukaryotic cell membrane. In particular, Listeria monocytogenes propels itself by assembling the host cell actin into a comet-like tail of cross-linked filaments, with their polymerizing barbed ends oriented toward the bacterial surface [55] . Listeria moves through the host cytoplasm rapidly, with velocities of a few tenths of a micron per second [56] . Actin polymerizes at the bacterial surface with the same rate as its velocity, suggesting that actin growth drives the bacterium forward [57] . Only one protein on the surface of Listeria, ActA, is required for motility [58] . In addition to actin monomers, ActA and ATP, only a handful of proteins in cytoplasmic extracts are essential for bacterial propulsion, including the nucleating and branching complex, Arp2/3, capping proteins and the severing and depolymerizing factor, ADF/cofilin (Figure 3) [59] . Other intracellular pathogens use Listeria's modus operandi: Shigella, the spotted fever bacterium Rickettsia, and Vaccinia virus separately and convergently evolved similar mechanisms to exploit the cellular actin assembly machinery for propulsion [68] . The general mechanism is the same in all these cases, though important molecular details vary. For example, Shigella uses the surface protein IcsA instead of ActA to stimulate actin polymerization. Vaccinia uses tyrosine phosphorylation of protein A36R, absent in Listeria and Shigella. Rickettsia does not employ Arp2/3 complex as an actin nucleating/branching center -it is not clear what, if any, is the substitute -and so its tail consists of long actin filaments arranged in a parallel array. This array is strikingly different from those of Listeria, Shigella, or Vaccinia, which consist of short filaments cross-linked at acute angles. This diversity of organisms has now been complemented by in vitro assays using plastic beads and lipid vesicles which, when coated with either ActA, or WASP proteins, move much the same way as the pathogens. These promise to become useful tools in uncovering the secrets of cell motility (see the review by Upadhyaya and van Oudenaarden in this issue, and [ 
58,69]).

Forces in Lamellipodia
Lamellipodial protrusion is perhaps the most wellstudied motility phenomena, and a great deal of molecular details are available [3] . Despite this, there is no agreed scenario that applies to all cell types. There are many similarities between actin dynamics in Listeria and in the lamellipodia of some rapidly moving eukaryotic cells, and there is a general consensus that actin polymerization is the lamellipodial motor [60] . The lamellipod is a broad, flat, sheet-like structure, tens of µ µm in width, and 0.1-0.2 µ µm thick [70] . Lamellipodial actin filaments form a polarized network; fibers are cross-linked in a nearly square lattice where filaments subtend roughly a 55° angle to the front edge of the cell [71,72].
The reason for this order is the sterically precise branching mediated by Arp2/3 complex that imposes a 70° branching angle between mother and daughter filaments. The growing barbed ends abut the extreme leading edge of the lamellipod while the disassembling pointed ends dominate far from the leading edge. Sequestering proteins shuttle monomers from the back to the front by simple diffusion [73] . Barbedend capping produces an excess of free pointed ends. This keeps the supply of monomers plentiful and accelerates growth of any barbed ends that are temporarily uncapped [61] . The actin network advances by array treadmilling, rather than by treadmilling of individual filaments [3] . Barbed ends of a few filaments grow at the leading edge, while their pointed ends are stable; other filaments have both ends capped, and yet others have the barbed ends capped and the pointed ends depolymerizing.
Accurate measurements of the force of lamellipodial protrusion are not available. Experimental estimates of the force developed by 1 µ µm of the leading edge arẽ 1000 pN (reviewed in [74] ). As there are hundreds of actin fibers per µ µm of leading edge, this is consistent with the elastic ratchet model that predicts that each filament generates a few pN [70] . When not stalled, the actin easily overcomes the resistance of tens of pN required to bend the cell membrane [75] , and the hundreds of pN required to break the attachments between the actin cortex and cell membrane [76] . The optimal angle between filaments and the direction of protrusion predicted by the theory, ~30-60°, is observed [71] .
Statistical analysis and modeling of light microscopic images suggest that actin filament lengths are between a few hundred nm and 1 µ µm (A. Verkhovsky, personal communication), which is in a similar range to the predictions of the elastic polymerization ratchet model for optimal filament length. Moreover, lamellipodia with excess Ena/VASP contain longer filaments. These often contract, apparently because long, flexible actin filaments buckle easily [77] . Despite our qualitative understanding of Listeria and lamellipodial protrusion, significant pieces of the puzzle are missing. For example, it appears that local osmotic forces also play a role in protrusion (see below), so the elastic polymerization ratchet drive may not be the only actor on the leading edge stage.
Other Mechanisms of Force Generation
There are alternative proposals to the elastic ratchet model for polymerization force generation. Generally, they fall into two categories: hypothetical protein motors and macroscopic phenomenological models. An example of the former is the molecular ratchet motor proposed by Laurent et al. [78] which posits that frequent attachment and detachment of VASP on the cell surface to F-actin allows it to slide along a growing filament, driven by the free energy of monomer addition. Another example of an hypothetical force generator is an affinity-modulated, clampedfilament elongation mechanism that exploits actin's intrinsic ATPase activity [79] .
Kuo and McGrath [65] observed that Listeria appeared to advance in discrete steps of 5.5 nm, similar to the size of an actin monomer. These steps could suggest some intrinsic molecular scale mechanism at the interface between filaments and the surface. More research is required to clarify the relation of these microscopic models to the elastic polymerization ratchet mechanism.
Finally, myosin is involved in some way during protrusion of filopodia [80] . Filopodial-like actin bundles can be organized by inhibition of capping and subsequent cross-linking by fascin at the lamellipodial leading edge [81] . The transition between orthogonal networks of semi-stiff polymers and cross-linked bundles may arise as a phase transition that depends only on the concentration of cross-links, not on their detailed properties (A. Liu, personal communication). If verified in vivo, this may provide another mechanism for force production analogous to the bundling pressure in nematode sperm locomotion (see below).
A complete macroscopic model of forces and movements in cell protrusion is still pending. However, an important advance was achieved by Gerbal et al. [82] who constructed a continuum model of Listeria propulsion based on the elastic shear stress developed by growth of the actin meshwork at the cell surface. In this model, the polymerization of actin develops circumferential stresses in the actin meshwork of the tail surrounding the posterior portion of the cell. This developing stress 'squeezes' the cell until a yield stress is reached, whereupon the cell 'squirts' forward, relieving the stress, and the cycle repeats. This stress-relaxation cycle produces step-like propulsion -with micron-sized steps -similar to that observed in the movement of ActA-coated plastic beads [83] . Being macroscopic, this model complements the microscopic elastic ratchet model; indeed, the latter provides a rationale for the polymerization induced stresses that develop in the continuum gel model. Lipid vesicles coated with ActA also grow actin tails and move. The vesicles deform, and the stress distribution exerted by the actin can be computed from their shape [84] . These experiments confirm the existence of large (~nN) 'squeezing' stresses on the vesicle, but 'squirting' movement cycles were not observed. These experiments also indicate that a spatial separation between tethered and working filaments develops: tethered filaments are swept to the very rear of the vesicle, while working filaments concentrate at the sides. A simple explanation for this separation phenomenon could be that ActA attached to an immobile tethered filament drifts to the rear along the lipid surface as the vesicle is propelled forward by working filaments that keep up with the vesicle's sides.
Other bead experiments revealed that, after polymerizing a dense actin network around itself, the bead would frequently 'break through' the actin meshwork and propel itself directionally, forming an actin mesh tail [58] . A Brownian ratchet theory that incorporates a force-dependent actin depolymerization to generate instability explains the onset of the 'breaking through' stage [85] . A full explanation of this Review R728 Solationcontraction zone phenomenon, however, will require modeling the elasticity and fracture of the actin gel. Turning back to the question of how cells push out their front, several mechanisms other than polymerization are probably operating in certain systems. In most crawling cells, the force of protrusion is generated locally [86] . Localized protrusive forces can be generated in actin gels because they are highly charged [87] . Because of the counterions to the actin fixed charges, the filaments of a cross-linked polyelectrolyte gel, such as the actin cytoskeletal network, are always in a state of elastic tension. At equilibrium, the elastic tension in the gel filaments is just balanced by the ion osmotic pressure. This is discussed in more detail in Box 2, where we give some estimates of the forces involved. In transiently motile cells, the actin gel adjacent to the leading edge membrane may partially solate, for example, by the action of severing proteins like gelsolin triggered by calcium influx. This weakens elasticity of the gel so that the local osmotic pressure expands the gel boundary to a new equilibrium. Subsequently, the gel solidifies again stabilizing the protrusion. Some indirect evidence in favor of this scenario are the observations that raising external osmolarity inhibits protrusion, and that prior to protrusion, the lamellipodial leading edge of some cells swells and becomes softer [88] .
A very simple and specialized cell, the nematode sperm of Ascaris suum, provides an important example of pushing out the front by a peculiar form of gel swelling (Figure 4) . In these cells, the locomotion machinery is dramatically simplified. Nematode sperm lack the actin machinery typically associated with amoeboid cell motility; instead, their movement is powered by a cytoskeleton built from filaments of the major sperm protein (MSP) [89] . MSP is a positively charged and partially hydrophobic protein which associates into symmetrical dimers that polymerize into helical filaments. Unlike actin, MSP polymerization and bundling does not require a broad spectrum of accessory proteins. The same hydrophobic and electrostatic interaction interfaces allow these filaments to wind together in pairs to form larger bundles, and eventually congregate into higher-order rope-like arrays [90] .
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As discussed in the text, the actin cytoskeleton comprises an osmotically swollen polyelectrolyte gel. At equilibrium, the elastic tension in the gel filaments just counterbalances the osmotic pressure of the gel counterions. Here we give some estimates of the forces of expansion and contraction that determine the shape of an actin or MSP gel. The entropic contraction force that can be generated by one semistiff filament can be estimated as follows. Consider the filament connecting two cross-links in the gel. MSP filaments are more flexible than actin, and so the polymerization ratchet mechanism may not be as effective in generating a protrusive force in nematode sperm. However, this assembly process forces the filaments within a higher-order aggregate to assume an end-to-end distance that is larger than its persistence length in solution (compare with Box 1). In this fashion, bundles of MSP filaments are stiffer than, and contain the stored elastic energy of, their constituent filaments. These bundles of MSP form a thixotropic (shear-thining) gel-like cytoskeleton within the lamellipod. This gel is a fibrous material, so that when filaments bundle laterally they generate a protrusive force longitudinally -the so-called Poisson expansion (see Figure 4 and [91] ).
Pulling Up the Back
So far, we concentrated on the force of protrusion pushing out the front of the cell. Much less is known about the forces of contraction pulling up its rear. One of the favorite cells used to study this phenomenon is the fish keratocyte and its lamellipodial fragments [92, 93] . In the proximal region of the lamellipod, the actin network is dense and highly cross-linked. As the leading edge extends, depolymerization begins to weaken the actin network. In the posterior lamellipod, the network is weakened enough for myosin clusters there to collapse the square lattice of actin filaments into bi-polar bundles of counter-oriented filaments that contract in a muscle-like fashion to pull the cell body forward and limit extension of the lamellipodial sides. The total traction force exerted by the cell is 10 4 -10 5 pN, which compares well with the total number (~10 4 -10 5 ) of myosin molecules, each able to generate a few pN of force (reviewed in [74] ).
Myosin-powered contraction may not be the whole story. A solating gel can generate entropic contractile forces of a few pN per filament, as explained in Box 2 [23] . This adds up to thousands of pN for a whole lamellipod, making this mechanism a viable supplement for myosin powered contraction. However, because actin gels are 'semi-stiff' [94] , entropic contraction is unlikely to generate significant translocation of the cell rear. But the entropic contraction mechanism does appear to be involved in the crawling of nematode sperm that lack filament-based molecular motors, and whose cytoskeleton is composed of more flexible MSP filaments.
A model that explains the behavior of this odd cell operates by the following mechanism, illustrated in Figure 4 [91] . As the bundled MSP gel moves rearward, with respect to the leading edge, it encounters a rising proton concentration generated by the perinuclear mitochondria. The protons compete with the electrostatic cross-linking sites on MSP filaments and weaken the hydrophobic interactions as well. Weakening of the cohesive forces in the MSP filaments and bundles allows individual MSP filaments to dissociate from the fiber complexes. As they do so, they attempt to contract entropically to their equilibrium end-to-end length. This solation process releases the elastic energy in the gel, stored by bundling at the front, to generate a contractile stress. This model illustrates that, while there is much left to learn about contraction mechanisms, it is clear that cytoskeletal gels can not only contribute to pushing out the cell front, but also to pulling up its rear.
Molecular Springs and Ratchets
There are many other fascinating examples of nature's resourcefulness in using dynamic cytoskeletal fibers to generate force. Here are just a few of them. ATPdependent polymerization of actin-like filaments appears to generate the force for the directional movement of plasmids to opposite cell poles in a simple prokaryotic analog of the eukaryotic mitotic spindle apparatus [95] . Myxococcus xanthus cells glide on surfaces by hydration and extrusion of a gel from nozzlelike organelles [ At the other end of the spectrum, the largest and fastest reversible entropic motor is employed by spasmoneme in Vorticellid ciliates [101] . In this motor, a giant polymer chain is held in a distended configuration by the repulsion of its fixed charges. A rise in cytosolic calcium drastically reduces its rigidity by shielding the polymer-associated charges, triggering a strong entropic contractile force (similar to the mechanism described in Box 2). Another dramatically fast 'one-shot' polymerization engine is employed when the sperm of the sea cucumber Thyone encounters the egg jelly coat. An explosive actin polymerization reaction ensues, pushing out the acrosomal process and enabling the sperm plasma membrane to penetrate the egg and fuse with the plasma membrane of the egg [102] . In this process, fast and transient actin polymerization is limited by actin delivery to the tip of the process, rather than by force. Water influx coupled with actin polymerization may contribute to force generation by a hydrostatic mechanism [103] . Note that this phenomenon is an example of a polymerization motor that works without treadmilling and/or hydrolysis. The acrosomal process of the Limulus sperm stores elastic energy by using the actin-binding protein scruin to trap thermal fluctuations during polymerization as elastic strain energy in the actin filament. Later, this strain energy is released to generate the force required to push the actin rod into the egg cortex [7] .
Future Directions
It should be clear from this review that, beyond polymerization of single filaments, our knowledge is sketchy about how forces are generated by assembling or disassembling cytoskeletal fibers and networks. Even cloudier is the issue of how these forces organize themselves, using complementary and antagonistic actions of microtubules and actin, coupled with plus and minus directed motors, to drive motile and dividing cells. These problems offer opportunities for new models to stimulate new experiments in the physics and biology of cell movements. Any cellular process involving more than a few types of molecule is too complicated to understand without a mathematical model to expose assumptions and to frame the qualitative picture in quantitative terms. Moreover, force generation is intimately tied in with the processes of regulation [3] , signal transduction [104] , adhesion [105] and many other aspects of cell dynamics. These are exciting times for students of cell mechanics.
